Abstract: An adaptive hybrid fuzzy-proportional plus crisp-integral current control algorithm (CCA) for regulating supply current and enhancing the operation of a shunt active power filter (SAPF) is presented. It introduces a unique integration of fuzzy-proportional (Fuzzy-P) and crisp-integral (Crisp-I) current controllers. The Fuzzy-P current controller is developed to perform gain tuning procedure and proportional control action. This controller inherits the simplest configuration; it is constructed using a single-input single-output fuzzy rule configuration. Thus, an execution of few fuzzy rules is sufficient for the controller's operation. Furthermore, the fuzzy rule is developed using the relationship of currents only. Hence, it simplifies the controller development. Meanwhile, the Crisp-I current controller is developed to perform integral control action using a controllable gain value; to improve the steady-state control mechanism. The gain value is modified and controlled using the Fuzzy-P current controller's output variable. Therefore, the gain value will continuously be adjusted at every sample period (or throughout the SAPF operation). The effectiveness of the proposed CCA in regulating supply current is validated in both simulation and experimental work. All results have proven that the SAPF using the proposed CCA is capable to regulate supply current during steady-state and dynamic-state operations. At the same time, the SAPF is able to enhance its operation in compensating harmonic currents and reactive power. Furthermore, the implementation of the proposed CCA has resulted more stable dc-link voltage waveform.
Introduction
One of the common power quality problems in electrical power systems is the existence of harmonic currents. This problem is originated from nonlinear loads (NLs); they need to draw harmonic currents for their operation. Consequently, various undesirable phenomena such as transmission power losses, overheating of power factor (PF) capacitors, interference in communication lines, and malfunction of sensitive equipment have occurred. In order to compensate multiple harmonic currents simultaneously, shunt active power filters (SAPFs) are employed [1, 2] .
In general, SAPFs are utilized for compensating harmonic components of distorted supply currents. Also, they can be used to compensate reactive power for PF correction. These two functions can be achieved by injecting specific compensation currents into power systems. Subsequently, the shape of the supply currents becomes sinusoidal; it only consists of fundamental component and in phase with supply voltage (as PF is corrected). Normally, SAPFs are installed at the point of common coupling (PCC) near the end-user sides or NLs [3, 4] .
One of the most important algorithms in a SAPF operation is a current control algorithm (CCA). Basically, it is designed to regulate either compensation current or supply current using a direct or indirect current control strategy. Consequently, the controlled current can be tracked to follow the nature of its reference current; by controlling the SAPF's switching activity. The effectiveness of any CCA depends on the implementation of current controller and modulation technique. Various types of CCAs have been demonstrated. They are hysteresis [5] [6] [7] , repetitive [8] [9] [10] , predictive [11] [12] [13] , sliding mode [14, 15] , and conventional or crisp-proportional-integral (Crisp-PI) [16] [17] [18] CCAs.
Owing to their simple implementation, fast response, high stability and good dynamic response, hysteresis controllers have been used widely in the operation of SAPFs [19] [20] [21] . However, they have one major drawback which is the generation of asymmetrical switching frequencies [22] . In order to obtain a symmetrical switching frequency, repetitive, predictive, sliding mode and Crisp-PI current controllers are employed. All these controllers are developed using mathematical models [23, 24] . Nevertheless, Crisp-PI current controllers exhibit simpler mathematical model than the above-mentioned controllers [25] .
Principally, the operation of a Crisp-PI controller involves two types of control mechanisms. First, a proportional control action for minimizing the steady-state error of a controlled variable; and second, an integral control action for eliminating the steady-state error. Both control mechanisms apply two different control gains namely as the proportional control gain K p and the integral control gain K i . However, since this controller implements fixed gain values, therefore, it inherits unsatisfactory performance in controlling nonlinear or time-varying systems such as SAPFs [26] . Furthermore, it takes a considerable time for the gain tuning procedure [27] , and it is not worthwhile to allocate such a long time, just to obtain fixed gain values.
In later work, improvement has been made by introducing various methods to modify K p and/ or K i values in certain range during operation [19, 24, 28] . One of the methods is a fuzzy-proportional-integral (Fuzzy-PI) controller. However, this controller is rarely utilized in the operation of SAPFs; specifically, in the CCA. Until now, there is only a single work about the development of such controller [28] .
A Fuzzy-PI current controller of a SAPF has been presented in [28] . It is constructed using a multiple-input single-output (MISO) fuzzy rule configuration. It is used to tune both K p and K i values by directly generating a switching pattern. However, in order to achieve precise control mechanism, this controller must execute very large fuzzy rules (49 rules). Hence, it complicates the hardware development. In addition, the development of the fuzzy rules becomes difficult because they are constructed using the SAPF's internal losses model. Eventually, during the practical implementation, this controller is unable to maintain good steady-state control performance. Nevertheless, although this controller still exhibits limited exploration, a potential of better implementation can be seen; by a possibility of the controller's structural improvement.
Therefore, this work presents significant improvement by uniquely integrating Fuzzy-P and crisp-integral (Crisp-I) current controllers. The fuzzy-P current controller is constructed using a single-input single-output (SISO) fuzzy rule configuration, for allowing less fuzzy rules implementation. It is developed for adaptively tuning both K p and K i values, and performing the proportional control action. Furthermore, its fuzzy rules are constructed using the relationship of currents only; it is simpler than using the internal losses model introduced in [28] . Then, a Crisp-I current controller as to perform the integral control action is integrated with the Fuzzy-P current controller. A controllable gain value is introduced in the operation of the Crisp-I current controller, for enhancing the steady-state control mechanism. Therefore, by considering adaptive capability together with hybrid (fuzzy and crisp) approach, the proposed integration is named as an adaptive hybrid Fuzzy-P plus Crisp-I (HFP+CI) current controller. The proposed hybrid controller is applied in a CCA based indirect control strategy. The effectiveness of the proposed controller in improving the steady-state control mechanism is studied, in both simulation and experimental work. It is based on the capability of a SAPF to regulate supply current and compensate harmonic currents and reactive power. Moreover, in simulation work, a comparison of the performance of the proposed CCA with Fuzzy-PI [28] and Crisp-PI [17] CCAs is also conducted.
This paper is organized in six sections. Section 2 explains the principle operation of a SAPF, and its control system. Section 3 discusses the development of the proposed CCA. Sections 4 and 5 deliberate simulation and experimental results. Lastly, Section 6 lists out conclusions about the performance and contributions of the work. Figure 1 describes the principle operation of a SAPF using a voltage source inverter (VSI) topology.
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Energies 2016, 9, 737 3 of 18 the steady-state control mechanism is studied, in both simulation and experimental work. It is based on the capability of a SAPF to regulate supply current and compensate harmonic currents and reactive power. Moreover, in simulation work, a comparison of the performance of the proposed CCA with Fuzzy-PI [28] and Crisp-PI [17] CCAs is also conducted. This paper is organized in six sections. Section 2 explains the principle operation of a SAPF, and its control system. Section 3 discusses the development of the proposed CCA. Section 4 and 5 deliberate simulation and experimental results. Lastly, Section 6 lists out conclusions about the performance and contributions of the work. Figure 1 describes the principle operation of a SAPF using a voltage source inverter (VSI) topology. According to the figure, the SAPF must inject the instantaneous compensation current to the power system, for harmonic current and reactive power compensation. Besides injecting current, the SAPF is required to draw ac current (or active power) from the power system, for regulating dclink voltage and compensating power loss. The ac current is known as the instantaneous dc-link charging current . Consequently, the shape of the instantaneous supply current waveform will be sinusoidal and in phase with the instantaneous supply voltage . At the same time, the shape of the instantaneous load current remains unchanged. All the instantaneous currents can be represented as: (1) where is the instantaneous fundamental load current, and is the instantaneous harmonic load currents. If equals to , then the anticipated instantaneous compensated supply current , can be represented as:
,
According to Equation (2), it can be described that the supply current after the SAPF implementation must able to supply for the operation of the NL, and for the regulation of the SAPF's dc-link voltage.
The operation of the SAPF depends fully on its control system. It consists of extraction algorithm, CCA and dc-link voltage control algorithm (VCA). These algorithms are normally executed using digital approach, and their operations are related to each other. The extraction algorithm is used to generate the digital time-varying reference current signal , for the CCA. Note that is the According to the figure, the SAPF must inject the instantaneous compensation current i F (t) to the power system, for harmonic current and reactive power compensation. Besides injecting current, the SAPF is required to draw ac current (or active power) from the power system, for regulating dc-link voltage and compensating power loss. The ac current is known as the instantaneous dc-link charging current i dc (t). Consequently, the shape of the instantaneous supply current i S (t) waveform will be sinusoidal and in phase with the instantaneous supply voltage v S (t). At the same time, the shape of the instantaneous load current i L (t) remains unchanged. All the instantaneous currents can be represented as:
where i Fund (t) is the instantaneous fundamental load current, and i H (t) is the instantaneous harmonic load currents. If i F (t) equals to i H (t), then the anticipated instantaneous compensated supply current i S,comp (t) can be represented as:
According to Equation (2), it can be described that the supply current after the SAPF implementation must able to supply i Fund (t) for the operation of the NL, and i dc (t) for the regulation of the SAPF's dc-link voltage.
The operation of the SAPF depends fully on its control system. It consists of extraction algorithm, CCA and dc-link voltage control algorithm (VCA). These algorithms are normally executed using digital approach, and their operations are related to each other. The extraction algorithm is used to generate the digital time-varying reference current signal i re f (k), for the CCA. Note that k is the sampling data. In this work, unified adaptive linear neurons (ADALINEs)-based fundamental component extraction algorithms are used to generate i re f (k). Detailed explanation about the extraction algorithm can be found in [29] . On the other hand, a Crisp-PI dc-link VCA is utilized to regulate the dc-link voltage V dc , by generating the estimated digital dc-link charging current signal i dc,est (k) [30] . All related parameters are converted to digital signals using analogue-to-digital converters (ADCs).
Proposed Adaptive Hybrid Fuzzy-Proportional Plus Crisp-Integral Current Control Algorithm
As mentioned, the proposed CCA is constructed using the indirect current control strategy and the proportional-integral control action. Instead of directly regulating i F (t), this CCA involves in regulating i S (t). Thus, i F (t) can indirectly be controlled. Moreover, in this work, the number of voltage and current sensors for 3-phase measurement is decreased from three to two sensors. The sensors are installed for measuring the voltage and current of phase a (phase angle 0 • ) and phase c (phase angle −240 • ) only. Hence, based on this measurement approach, the SAPF only needs to apply two separate current controllers for phase a and c, respectively. A block diagram of the proposed CCA for 3-phase operation is shown in Figure 2 . sampling data. In this work, unified adaptive linear neurons (ADALINEs)-based fundamental component extraction algorithms are used to generate . Detailed explanation about the extraction algorithm can be found in [29] . On the other hand, a Crisp-PI dc-link VCA is utilized to regulate the dc-link voltage , by generating the estimated digital dc-link charging current signal , [30] . All related parameters are converted to digital signals using analogue-to-digital converters (ADCs).
As mentioned, the proposed CCA is constructed using the indirect current control strategy and the proportional-integral control action. Instead of directly regulating , this CCA involves in regulating . Thus, can indirectly be controlled. Moreover, in this work, the number of voltage and current sensors for 3-phase measurement is decreased from three to two sensors. The sensors are installed for measuring the voltage and current of phase (phase angle 0°) and phase (phase angle 240°) only. Hence, based on this measurement approach, the SAPF only needs to apply two separate current controllers for phase and , respectively. A block diagram of the proposed CCA for 3-phase operation is shown in Figure 2 . As shown in the figure, the proposed CCA only consists of two proposed hybrid controllers together with a pulse width modulation (PWM) generator. According to the figure, the operation of the proposed CCA starts by obtaining the digital time-varying current error signal , :
where , is the digital time-varying supply current signal; refers to phase or . Furthermore, by referring to Equation (2), the reference current of the proposed CCA can be expressed as:
where , ,
is the digital time-varying extracted fundamental load current signal. As explained in the previous subtopic, the amplitudes of both
and , signals are generated by the ADALINEs based fundamental component extraction algorithm [29] and the Crisp-PI self-charging dc-link VCA [30] , respectively.
Proposed Adaptive Hybrid Fuzzy-Proportional Plus Crisp-Integral Current Controllers
Each proposed hybrid controller is developed by integrating Fuzzy-P and Crisp-I current controllers. The Fuzzy-P current controller is used to perform the proportional control action, by adaptively tuning the values of both the current proportional gain and the current integral gain . Whilst, the Crisp-I current controller is employed to perform the integral control action, and to enhance the steady-state control mechanism. A block diagram of the proposed hybrid controller is depicted in Figure 3 . As shown in the figure, the proposed CCA only consists of two proposed hybrid controllers together with a pulse width modulation (PWM) generator. According to the figure, the operation of the proposed CCA starts by obtaining the digital time-varying current error signal e c,ix (k):
where i S,ix (k) is the digital time-varying supply current signal; x refers to phase a or c. Furthermore, by referring to Equation (2), the reference current of the proposed CCA can be expressed as:
where i Fund,ext,ix (k) is the digital time-varying extracted fundamental load current signal. As explained in the previous subtopic, the amplitudes of both i Fund,ext,ix (k) and i dc,est (k) signals are generated by the ADALINEs based fundamental component extraction algorithm [29] and the Crisp-PI self-charging dc-link VCA [30] , respectively.
Each proposed hybrid controller is developed by integrating Fuzzy-P and Crisp-I current controllers. The Fuzzy-P current controller is used to perform the proportional control action, by adaptively tuning the values of both the current proportional gain K pc and the current integral gain K ic . Whilst, the Crisp-I current controller is employed to perform the integral control action, and to enhance the steady-state control mechanism. A block diagram of the proposed hybrid controller is depicted in Figure 3 . Firstly, the Fuzzy-P current controller is used to minimize , , by adaptively tuning the value. According to Figure 3 , the operation of the controller starts with the evaluation and conversion of numerical , input variable to membership grades of defined membership functions (MFs). This process is called fuzzification. Then, rule base and inference engine are used to evaluate and generate an aggregation of the fuzzified digital time-varying current proportional output variable , ; it is based on a set of fuzzy rules. Lastly, the resulted , set is converted to numerical , , during defuzzification process. In this work, seven symmetrical triangular MFs for both input and output variables are employed. They are selected since they are simple to be built and computed [31] , easy to be executed in both simulation and experimental work [31] , and inherit low computational cost [25] . The normalized MF set is shown in Figure 4 . All acronyms are defined as Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (ZE), Positive Small (PS), Positive Medium (PM), and Positive Big (PB). The boundary of the MF set is determined as follows:
The boundary is determined based on the response of the proposed CCA during the open-loop operation.
For the MF set of
The boundary is determined based on the total harmonic distortion (THD) value of , . At this moment, the SAPF applies a fixed supply; for eliminating the effect of the operation of the dc-link VCA. Thus, Equation (1) becomes:
Then, the rule base implements SISO fuzzy rules; for simplifying the controller structure. It is developed based on the relationship between , and , , and the relationship between Firstly, the Fuzzy-P current controller is used to minimize e c,ix (k), by adaptively tuning the K pc value. According to Figure 3 , the operation of the controller starts with the evaluation and conversion of numerical e c,ix (k) input variable to membership grades of defined membership functions (MFs). This process is called fuzzification. Then, rule base and inference engine are used to evaluate and generate an aggregation of the fuzzified digital time-varying current proportional output variable K pc e c,ix (k); it is based on a set of fuzzy rules. Lastly, the resulted K pc e c,ix (k) set is converted to numerical K pc e c,ix (k), during defuzzification process.
In this work, seven symmetrical triangular MFs for both input and output variables are employed. They are selected since they are simple to be built and computed [31] , easy to be executed in both simulation and experimental work [31] , and inherit low computational cost [25] . The normalized MF set is shown in Figure 4 . All acronyms are defined as Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (ZE), Positive Small (PS), Positive Medium (PM), and Positive Big (PB). Firstly, the Fuzzy-P current controller is used to minimize , , by adaptively tuning the value. According to Figure 3 , the operation of the controller starts with the evaluation and conversion of numerical , input variable to membership grades of defined membership functions (MFs). This process is called fuzzification. Then, rule base and inference engine are used to evaluate and generate an aggregation of the fuzzified digital time-varying current proportional output variable , ; it is based on a set of fuzzy rules. Lastly, the resulted , set is converted to numerical , , during defuzzification process. In this work, seven symmetrical triangular MFs for both input and output variables are employed. They are selected since they are simple to be built and computed [31] , easy to be executed in both simulation and experimental work [31] , and inherit low computational cost [25] . The normalized MF set is shown in Figure 4 . All acronyms are defined as Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (ZE), Positive Small (PS), Positive Medium (PM), and Positive Big (PB). The boundary of the MF set is determined as follows:
1. For the MF set of , :
The boundary is determined based on the response of the proposed CCA during the open-loop operation. 2. For the MF set of
Then, the rule base implements SISO fuzzy rules; for simplifying the controller structure. It is developed based on the relationship between , and , , and the relationship between The boundary of the MF set is determined as follows:
1.
For the MF set of e c,ix (k):
2.
For the MF set of K pc e c,ix (k):
The boundary is determined based on the total harmonic distortion (THD) value of i S,ix (t). At this moment, the SAPF applies a fixed V dc supply; for eliminating the effect of the operation of the dc-link VCA. Thus, Equation (1) becomes:
Then, the rule base implements SISO fuzzy rules; for simplifying the controller structure. It is developed based on the relationship between i S,ix (k) and i re f ,ix (k), and the relationship between i S,ix (t) and i F,ix (t). Both relationships can be expressed as in Equations (3) and (5); they can easily be interpreted in linguistic reasoning. Since the shape of i L,ix (t) remains unchanged throughout the compensation process, therefore the rule base is developed as follows:
If e c,ix (k) is positive:
If e c,ix (k) is negative:
All fuzzy rules are tabulated in Table 1 . Regarding to the table, the Fuzzy-P current controller only requires to execute seven fuzzy rules, which is a square root of the fuzzy rules of the Fuzzy-PI current controller in [28] . In this work, the controller applies the Mamdani "min" inference engine. It is chosen due to its simple and easy implementation. Furthermore, the principle operation of the inference engine is motivated by intuitive clarity [32] .
Next, the defuzzification process is conducted using the centroid technique. The centre of gravity (COG) of resulted K pc e c,ix (k) set is calculated using this following equation:
where µ K pc e c,ix (k) i is the membership degree of resulted K pc e c,ix (k) set, and K pc e c,ix (k) i is the point of resulted K pc e c,ix (k) set. The COG value represents numerical K pc e c,ix (k). Subsequently, the output variable K pc e c,ix (k) of the Fuzzy-P current controller is further be utilized; to modify and control the K ic value of the Crisp-I current controller for eliminating e c,ix (k). It will be implemented in a simple Crisp-PI tuning algorithm of controlling the operation of SAPFs [33] :
where V S,ix it the peak amplitude of v S,ix (t), I S,ix it the peak amplitude of i S,ix (t), and R and L are the resistance and inductance of the filter inductor L f . In regard to the structure of the proposed hybrid controller, Equation (7) can be written as:
Based on Figure 3 , the integration of K ic e c,ix (k) produces the digital time-varying current integral output variable K ic ae c,ix (k). Later, the digital time-varying current control signal δe c,ix (k) is generated using this following equation:
where t k is the sampling time of sample data k, and n is the maximum number of sample data. According to Equation (9), it can be stated that both the K pc and K ic values are adaptively tuned, throughout the operation of the SAPF. Both gain values are tuned at each sample period.
Pulse Width Modulation Generator
Eventually, based on Figure 2 , a 3-phase PWM switching signal is generated by comparing the 3-phase digital time-varying current control signal δe c,iy (k) with a digital up-down triangular carrier signal. Note that y refers to phase a, b or c. Since the proposed CCA only consists of two current controllers, hence, the control signal for phase b is produced using this following equation:
Thus, δe c,ib (k) is known as the dependent control signal. In a 3-phase 3-wire VSI based SAPF operation, switching signals for both upper and lower switches of the filter must opposite to each other. Thus, the switching signal for the upper switches is generated as follows:
1.
If δe c,iy (k) is greater than the carrier signal, then the switching signal equals to 1.
2.
If δe c,iy (k) is lower than the carrier signal, then the switching signal equals to 0.
Additionally, the digital carrier signal is generated using a counter mode and it can be calculated as: Counter = sampling frequency (Hz) 2 × switching frequency (Hz) (11) In this work, the sampling frequency is set at 150 kHz and the switching frequency is 25 kHz. The switching frequency is not considered high and it will not lead to electromagnetic interference (EMI) problem; the conducted EMI is commonly measured within the range of 150 kHz to 30 MHz [34] . Table 2 tabulates all parameters adopted in the simulation work. According to Figure 2 , the SAPF operates with two different types of NLs. There are capacitive NL (Load 1) and inductive NL (Load 2). In this work, the SAPF with the proposed CCA are constructed and simulated in MATLAB/Simulink. This work is divided into four parts: the selection of the range of K pc e c (k)'s MF set boundary, the verification of the effectiveness of the proposed CCA, the comparison of the performance of the proposed CCA with other PI-type CCAs, and the study of the effect of using different CCAs on V dc regulation. Table 2 . Specification adopted in both simulation and experimental work.
Simulation Work

Description Value
3-phase line-to-line voltage supply
100 V Line inductor L s 5 mH Filter inductor L f 5 mH Dc-link capacitor C dc 2200 µF Dc-link voltage reference V dc,re f 300 V Load 1: Resistor R 1 Capacitor C 1 43 Ω and 63 Ω 470 µF Load 2: Resistor R 2 Inductor L 1 43 Ω and 63 Ω 80 mH
Selection of the Range of K pc e c (k)'s Membership Function Set Boundary
In this procedure, the SAPF is connected to a fixed 300 V dc voltage supply. The selection of the boundary depends on the THD value of i S,a (t), using Load 1 and Load 2. Therefore, the boundary is varied until THD value of i S,a (t) below than 5%.
Theoretically, since the Fuzzy-P current controller in the proposed CCA adopts a proportional (P) control mechanism, thus, the higher K pc e c (k)'s MF set boundary will supposedly result lower THD value. Nevertheless, as similar as P controllers, too high K pc e c (k)'s MF set boundary leads to unstable control system. Hence, increasing the THD value of i S,a (t). A graph of THD values corresponding to variable K pc e c (k)'s MF set boundaries is shown in Figure 5 . This work is divided into four parts: the selection of the range of 's MF set boundary, the verification of the effectiveness of the proposed CCA, the comparison of the performance of the proposed CCA with other PI-type CCAs, and the study of the effect of using different CCAs on regulation.
Selection of the Range of 's Membership Function Set Boundary
In this procedure, the SAPF is connected to a fixed 300 V dc voltage supply. The selection of the boundary depends on the THD value of , , using Load 1 and Load 2. Therefore, the boundary is varied until THD value of , below than 5%. Theoretically, since the Fuzzy-P current controller in the proposed CCA adopts a proportional (P) control mechanism, thus, the higher 's MF set boundary will supposedly result lower THD value. Nevertheless, as similar as P controllers, too high 's MF set boundary leads to unstable control system. Hence, increasing the THD value of ,
. A graph of THD values corresponding to variable 's MF set boundaries is shown in Figure 5 . Based on the figure, it can be observed that the 's MF set boundary between ±30 to ±55 has resulted THD value below 5%, for both Load 1 and Load 2. Hence, it can be stated that the value within the specified range is suitable to be used for achieving stable control system and low THD value. However, in order to obtain the lowest THD value for both Load 1 and Load 2, the most suitable value of 's MF set boundary is ±42.5. On the other hand, the maximum 's MF set boundary is ±55.
Harmonic Currents and Reactive Power Compensation
The fixed dc voltage supply in the previous procedure is replaced by a 2200 F . Then, the effectiveness of the proposed CCA, in helping the SAPF to regulate and perform harmonic currents and reactive power compensation is verified. It is based on the waveshape, phase, THDs and PFs of 3-phase . This study is conducted during both steady-state and dynamic-state operations. Note that the dynamic-state operation refers to a condition in which Load 1 is instantaneously switched to Load 2. The switching happens at the switching-point equals to 3 seconds (s). Simulation waveforms of the measured , , ,
, and 3-phase during steady-state and dynamicstate operations are depicted in Figures 6 and 7 , respectively. Based on the figure, it can be observed that the K pc e c (k)'s MF set boundary between ±30 to ±55 has resulted THD value below 5%, for both Load 1 and Load 2. Hence, it can be stated that the value within the specified range is suitable to be used for achieving stable control system and low THD value. However, in order to obtain the lowest THD value for both Load 1 and Load 2, the most suitable value of K pc e c (k)'s MF set boundary is ±42.5. On the other hand, the maximum K pc e c (k)'s MF set boundary is ±55.
The fixed dc voltage supply in the previous procedure is replaced by a 2200 µF C dc . Then, the effectiveness of the proposed CCA, in helping the SAPF to regulate i S (t) and perform harmonic currents and reactive power compensation is verified. It is based on the waveshape, phase, THDs and PFs of 3-phase i S (t).
This study is conducted during both steady-state and dynamic-state operations. Note that the dynamic-state operation refers to a condition in which Load 1 is instantaneously switched to Load 2. The switching happens at the switching-point equals to 3 seconds (s). Simulation waveforms of the measured v S,ia (t), i L,ia (t), i F,ia (t), i re f ,ia (t), and 3-phase i S (t)during steady-state and dynamic-state operations are depicted in Figures 6 and 7 , respectively. Based on the figures, it can be observed that the SAPF using the proposed CCA is capable to regulate and perform harmonic currents compensation during both steady-state and dynamicstate operations. It is because the wave shapes of the measured 3-phase are approximately sinusoidal and in phase with the measured . Furthermore, as shown in Figure 7 , it can be seen that the proposed CCA is still capable to maintain the sinusoidal shape of the measured right after the switching-point. All THD values of steady-state simulated 3-phase for Load 1 and Load 2 are shown in Figure 8 Based on the figures, it can be observed that the SAPF using the proposed CCA is capable to regulate and perform harmonic currents compensation during both steady-state and dynamicstate operations. It is because the wave shapes of the measured 3-phase are approximately sinusoidal and in phase with the measured . Furthermore, as shown in Figure 7 , it can be seen that the proposed CCA is still capable to maintain the sinusoidal shape of the measured right after the switching-point. All THD values of steady-state simulated 3-phase for Load 1 and Load 2 are shown in Figure 8 Based on the figures, it can be observed that the SAPF using the proposed CCA is capable to regulate i S (t) and perform harmonic currents compensation during both steady-state and dynamic-state operations. It is because the wave shapes of the measured 3-phase i S (t) are approximately sinusoidal and in phase with the measured v S (t). Furthermore, as shown in Figure 7 , it can be seen that the proposed CCA is still capable to maintain the sinusoidal shape of the measured i S (t) right after the switching-point. All THD values of steady-state simulated 3-phase i S (t) for Load 1 and Load 2 are shown in Figure 8 Regarding the figure, it can be seen that the THD values (using Load 1 and Load 2) after the SAPF implementation have been reduced below 5%. Hence, the IEEE standard 519-2014 is met. Nevertheless, it can be observed that the THD value of , is approximately 0.2% higher than the THD value of , and , . It happens due to the execution of the dependent current control signal. Since the difference is very small, therefore it can be stated that this condition will not lowering the performance of the SAPF.
Other than harmonic currents compensation, Figure 9 presents reactive power waveforms consumed or generated by the NLs, main voltage supply and SAPF respectively; to verify the SAPF capability in compensating reactive power. The figure shows two sets of reactive power waveforms before and after the SAPF implementation. Before the SAPF implementation, it can be seen in the figure that reactive power consumed by both NLs is supplied by the main voltage supply. Hence, PF of the system with either Load 1 or Load 2 has reduced from unity to 0.90 or 0.94. Nevertheless, by applying the SAPF, it can be observed that the reactive power supplied by the main voltage supply can be compensated. Thus, PF of the system has been corrected to 0.99 which is nearly unity PF.
Comparison of Performance with Other Proportional-Integral Current Control Algorithms
The performance of the proposed CCA is compared to the performance of Fuzzy-PI CCA and Crisp-PI CCA. The difference relies on the implementation of different current controllers. In this procedure, the dc-link VCA remains unchanged.
Block diagrams of both Fuzzy-PI and Crisp-PI current controllers are shown in Figure 10a ,b, respectively. The Fuzzy-PI current controller implements symmetrical triangular MFs, 49 Fuzzy rules, the Mamdani inference engine, and the centroid technique. Meanwhile, and values of Regarding the figure, it can be seen that the THD values (using Load 1 and Load 2) after the SAPF implementation have been reduced below 5%. Hence, the IEEE standard 519-2014 is met. Nevertheless, it can be observed that the THD value of i S, ib (t) is approximately 0.2% higher than the THD value of i S,ia (t) and i S,ic (t). It happens due to the execution of the dependent current control signal. Since the difference is very small, therefore it can be stated that this condition will not lowering the performance of the SAPF.
Other than harmonic currents compensation, Figure 9 presents reactive power waveforms consumed or generated by the NLs, main voltage supply and SAPF respectively; to verify the SAPF capability in compensating reactive power. The figure shows two sets of reactive power waveforms before and after the SAPF implementation. Regarding the figure, it can be seen that the THD values (using Load 1 and Load 2) after the SAPF implementation have been reduced below 5%. Hence, the IEEE standard 519-2014 is met. Nevertheless, it can be observed that the THD value of , is approximately 0.2% higher than the THD value of , and , . It happens due to the execution of the dependent current control signal. Since the difference is very small, therefore it can be stated that this condition will not lowering the performance of the SAPF.
Block diagrams of both Fuzzy-PI and Crisp-PI current controllers are shown in Figure 10a ,b, respectively. The Fuzzy-PI current controller implements symmetrical triangular MFs, 49 Fuzzy rules, the Mamdani inference engine, and the centroid technique. Meanwhile, and values of Before the SAPF implementation, it can be seen in the figure that reactive power consumed by both NLs is supplied by the main voltage supply. Hence, PF of the system with either Load 1 or Load 2 has reduced from unity to 0.90 or 0.94. Nevertheless, by applying the SAPF, it can be observed that the reactive power supplied by the main voltage supply can be compensated. Thus, PF of the system has been corrected to 0.99 which is nearly unity PF.
Block diagrams of both Fuzzy-PI and Crisp-PI current controllers are shown in Figure 10a ,b, respectively. The Fuzzy-PI current controller implements symmetrical triangular MFs, 49 Fuzzy rules, the Mamdani inference engine, and the centroid technique. Meanwhile, K p and K i values of the Crisp-PI controller are tuned using a Crisp-PI tuning algorithm presented in [33] the Crisp-PI controller are tuned using a Crisp-PI tuning algorithm presented in [33] ; they are 14.67 and 97213.2, respectively. , and 3-phase waveforms using different PI-type CCAs, respectively. Additionally, THD values of simulated steady-state 3-phase are presented in Figure 13 . Figures 11 and 12 present simulated steady-state and dynamic-state 3-phase v S (t), 2 phases i re f ,ix (k), and 3-phase i S (t) waveforms using different PI-type CCAs, respectively. Additionally, THD values of simulated steady-state 3-phase i S (t) are presented in Figure 13 . the Crisp-PI controller are tuned using a Crisp-PI tuning algorithm presented in [33] ; they are 14.67 and 97213.2, respectively. , and 3-phase waveforms using different PI-type CCAs, respectively. Additionally, THD values of simulated steady-state 3-phase are presented in Figure 13 . During the steady-state operation, it can be seen that the measured 3-phase waveform using the proposed CCA as shown in Figure 11a is similar as the measured 3-phase waveform using the Fuzzy-PI CCA as shown in Figure 11b . Hence, it can be stated that the proposed CCA inherits the same control behaviour as the Fuzzy-PI CCA. However, according to Figure 13 , it can be observed that the implementation of the proposed CCA has resulted lower THD values than using the Fuzzy-PI CCA. In addition, as compared to the measured 3-phase waveform using the PI CCA (in Figure 11c) , it can be confirmed that the implementation of the proposed CCA is capable to reduce ripple current produced by the execution of the Crisp-PI CCA. In this procedure, all PFs using both CCAs have been corrected to nearly unity. On the other hand, during dynamic-state operation, it can be observed in Figure 12 that the response of all PI-types CCAs is similar. During the steady-state operation, it can be seen that the measured 3-phase waveform using the proposed CCA as shown in Figure 11a is similar as the measured 3-phase waveform using the Fuzzy-PI CCA as shown in Figure 11b . Hence, it can be stated that the proposed CCA inherits the same control behaviour as the Fuzzy-PI CCA. However, according to Figure 13 , it can be observed that the implementation of the proposed CCA has resulted lower THD values than using the Fuzzy-PI CCA. In addition, as compared to the measured 3-phase waveform using the PI CCA (in Figure 11c) , it can be confirmed that the implementation of the proposed CCA is capable to reduce ripple current produced by the execution of the Crisp-PI CCA. In this procedure, all PFs using both CCAs have been corrected to nearly unity. On the other hand, during dynamic-state operation, it can be observed in Figure 12 that the response of all PI-types CCAs is similar. During the steady-state operation, it can be seen that the measured 3-phase i S (t) waveform using the proposed CCA as shown in Figure 11a is similar as the measured 3-phase i S (t) waveform using the Fuzzy-PI CCA as shown in Figure 11b . Hence, it can be stated that the proposed CCA inherits the same control behaviour as the Fuzzy-PI CCA. However, according to Figure 13 , it can be observed that the implementation of the proposed CCA has resulted lower THD values than using the Fuzzy-PI CCA. In addition, as compared to the measured 3-phase i S (t) waveform using the PI CCA (in Figure 11c) , it can be confirmed that the implementation of the proposed CCA is capable to reduce ripple current produced by the execution of the Crisp-PI CCA. In this procedure, all PFs using both CCAs have been corrected to nearly unity. On the other hand, during dynamic-state operation, it can be observed in Figure 12 that the response of all PI-types CCAs is similar.
In overall, it can be confirmed that the implementation of the proposed CCA can reduce ripple current and THD values of 3-phase i S (t). According to Figure 13 , the resulted THD values using of the proposed CCA is 6% lower than using the Fuzzy-PI CCA, and 8% lower than using the PI CCA.
Eventually, real power consumed by the SAPF is measured. Note in Figure 1 that the direction i F (t) is opposite to the direction of i S (t). Thus, a negative sign of power indicates that the SAPF consumes the real power. Figure 14 presents real power consumed by the SAPF.
In overall, it can be confirmed that the implementation of the proposed CCA can reduce ripple current and THD values of 3-phase . According to Figure 13 , the resulted THD values using of the proposed CCA is 6% lower than using the Fuzzy-PI CCA, and 8% lower than using the PI CCA.
Eventually, real power consumed by the SAPF is measured. Note in Figure 1 that the direction is opposite to the direction of . Thus, a negative sign of power indicates that the SAPF consumes the real power. Figure 14 According to the figure, it can be observed that value of real power consumed by the SAPF is fluctuated within different power ranges. As mentioned, the SAPF requires real power for regulating its value, and compensating its power loss. Since the SAPF only utilizes the Crisp-PI VCA, therefore, it can be claimed that the required real power for regulation is fixed, regardless of PItype CCAs. According to the maximum real power (negative sign is neglected), the SAPF using Load 1 and the proposed CCA in Figure 14a has consumed 14.8% and 28.1% lower real power than using the Fuzzy-PI CCA in Figure 14b and the Crisp-PI CCA in Figure 14c respectively. Meanwhile, the SAPF using Load 2 and the proposed or Fuzzy-PI CCA has consumed same real power. Nevertheless, the power is 21% lower than using the Crisp-PI CCA. In overall, it can be stated that the SAPF using the proposed CCA has consumed lower real power than using the Fuzzy-PI CCA and Crisp-PI CCA. Consequently, it can be confirmed that the use of the proposed CCA is capable of reducing power losses in the SAPF. Additionally, it can be seen in the figure that the implementation of the proposed CCA is also capable to reduce real power fluctuation; it is 25% lower than using the Fuzzy-PI CCA and 62.5% lower than using the Crisp-PI CCA.
Experimental Work
Since the implementation of the proposed CCA exhibits better outcome than the other PI-type CCAs, therefore this work only focuses on validating the performance of the proposed CCA, during steady-state and dynamic-state operations of the SAPF. A hardware prototype of the SAPF is constructed using all specifications tabulated in Table 2 . The experimental setup is shown in Figure  15 . Then, the proposed CCA is built and executed in DSP TMS320F28335. Also, code composer studio (CCS) v3.3 is employed to write and compile the algorithm in C language. According to the figure, it can be observed that value of real power consumed by the SAPF is fluctuated within different power ranges. As mentioned, the SAPF requires real power for regulating its V dc value, and compensating its power loss. Since the SAPF only utilizes the Crisp-PI VCA, therefore, it can be claimed that the required real power for V dc regulation is fixed, regardless of PI-type CCAs. According to the maximum real power (negative sign is neglected), the SAPF using Load 1 and the proposed CCA in Figure 14a has consumed 14.8% and 28.1% lower real power than using the Fuzzy-PI CCA in Figure 14b and the Crisp-PI CCA in Figure 14c respectively. Meanwhile, the SAPF using Load 2 and the proposed or Fuzzy-PI CCA has consumed same real power. Nevertheless, the power is 21% lower than using the Crisp-PI CCA. In overall, it can be stated that the SAPF using the proposed CCA has consumed lower real power than using the Fuzzy-PI CCA and Crisp-PI CCA. Consequently, it can be confirmed that the use of the proposed CCA is capable of reducing power losses in the SAPF. Additionally, it can be seen in the figure that the implementation of the proposed CCA is also capable to reduce real power fluctuation; it is 25% lower than using the Fuzzy-PI CCA and 62.5% lower than using the Crisp-PI CCA.
Since the implementation of the proposed CCA exhibits better outcome than the other PI-type CCAs, therefore this work only focuses on validating the performance of the proposed CCA, during steady-state and dynamic-state operations of the SAPF. A hardware prototype of the SAPF is constructed using all specifications tabulated in Table 2 . The experimental setup is shown in Figure 15 . Then, the proposed CCA is built and executed in DSP TMS320F28335. Also, code composer studio (CCS) v3.3 is employed to write and compile the algorithm in C language. Experimental steady-state waveforms of , , 3-phase , , , and , using Load 1 and Load 2 are presented in Figures 16 and 17 , respectively. According to both figures, it can be noticed that the measured , waveform is in sinusoidal shape and in phase with the measured , . Furthermore, the measured 3-phase waveforms also inherit sinusoidal shape. Based on these results, it can be validated that the SAPF using the proposed CCA is capable to regulate and compensate harmonic currents and reactive power. Experimental steady-state waveforms of v S,ia (t), 3-phase i S (t), i L,ia (t), and i F,ia (t) using Load 1 and Load 2 are presented in Figures 16 and 17 , respectively. According to both figures, it can be noticed that the measured i S,ia (t) waveform is in sinusoidal shape and in phase with the measured v S,ia (t). Furthermore, the measured 3-phase i S (t) waveforms also inherit sinusoidal shape. Based on these results, it can be validated that the SAPF using the proposed CCA is capable to regulate i S (t) and compensate harmonic currents and reactive power. Experimental steady-state waveforms of , , 3-phase , , , and , using Load 1 and Load 2 are presented in Figures 16 and 17 , respectively. According to both figures, it can be noticed that the measured , waveform is in sinusoidal shape and in phase with the measured , . Furthermore, the measured 3-phase waveforms also inherit sinusoidal shape. Based on these results, it can be validated that the SAPF using the proposed CCA is capable to regulate and compensate harmonic currents and reactive power. Next, THD values of steady-state 3-phase after the implantation of the SAPF are presented in Figure 18 . By using information from oscilloscope's data loggers, the THD value is calculated using the FFT analysis in MATLAB/ Simulink. The values are measured for 10 cycles of with maximum harmonic order of 50 (1250 Hz). Before the SAPF implementation, THD values of the measured 3-phase are 33.6% for Load 1 and 24.6% for Load 2. Based on the figure, it can be observed that the THD values have successfully reduced below 5%. Hence, the IEEE standard 519-2014 is complied. Also, all measured PFs of steady-state 3-phase have been corrected from 0.90 for Load 1 and 0.94 for Load 2 to nearly unity (0.99) PF. Next, THD values of steady-state 3-phase i S (t) after the implantation of the SAPF are presented in Figure 18 . By using information from oscilloscope's data loggers, the THD value is calculated using the FFT analysis in MATLAB/ Simulink. The values are measured for 10 cycles of i S (t) with maximum harmonic order of 50 (1250 Hz). Before the SAPF implementation, THD values of the measured 3-phase i S (t) are 33.6% for Load 1 and 24.6% for Load 2. Based on the figure, it can be observed that the THD values have successfully reduced below 5%. Hence, the IEEE standard 519-2014 is complied. Also, all measured PFs of steady-state 3-phase i S (t) have been corrected from 0.90 for Load 1 and 0.94 for Load 2 to nearly unity (0.99) PF. Next, THD values of steady-state 3-phase after the implantation of the SAPF are presented in Figure 18 . By using information from oscilloscope's data loggers, the THD value is calculated using the FFT analysis in MATLAB/ Simulink. The values are measured for 10 cycles of with maximum harmonic order of 50 (1250 Hz). Before the SAPF implementation, THD values of the measured 3-phase are 33.6% for Load 1 and 24.6% for Load 2. Based on the figure, it can be observed that the THD values have successfully reduced below 5%. Hence, the IEEE standard 519-2014 is complied. Also, all measured PFs of steady-state 3-phase have been corrected from 0.90 for Load 1 and 0.94 for Load 2 to nearly unity (0.99) PF. Then, this study is continued with performance validation of the proposed CCA during the dynamic-state operation. Figure 19 shows v S,ia (t), i S,ia (t), i L,ia (t), and i F, ia (t) waveforms during this operating condition.
Then, this study is continued with performance validation of the proposed CCA during the dynamic-state operation. Figure 19 shows , , , , , , and , waveforms during this operating condition. Based on the figure, it can be seen that the SAPF using the proposed CCA is still capable to compensate harmonic currents, right after the switching-point. Thus, the shape and the phase of the measured , remain unchanged. According to all experimental results, it can be confirmed that the proposed CCA can be utilized to regulate during steady-state and dynamic-state operation. Eventually, the SAPF is capable to compensate both harmonic currents and reactive power effectively.
Conclusions
The proposed adaptive HFP+CI CCA is successfully developed and executed. Hence, the SAPF is capable of controlling and perform harmonic currents and reactive power compensation effectively. In this work, all results of using the proposed CCA in both simulation and experimental work have shown good agreement. The results have validated that the implementation of the integration of the Fuzzy-P current controller (with simple structure and less fuzzy rules) and the Crisp-I current controller does improve the steady-state control mechanism of the proposed CCA. Therefore, the use of the proposed CCA has resulted lower THD values than using the Fuzzy-PI CCA and Crisp-PI CCA. Additionally, it can be stated that implementation of the proposed CCA can enhance the SAPF operation. Based on the figure, it can be seen that the SAPF using the proposed CCA is still capable to compensate harmonic currents, right after the switching-point. Thus, the shape and the phase of the measured i S,ia (t) remain unchanged. According to all experimental results, it can be confirmed that the proposed CCA can be utilized to regulate i S (t) during steady-state and dynamic-state operation. Eventually, the SAPF is capable to compensate both harmonic currents and reactive power effectively.
The proposed adaptive HFP+CI CCA is successfully developed and executed. Hence, the SAPF is capable of controlling i S (t) and perform harmonic currents and reactive power compensation effectively. In this work, all results of using the proposed CCA in both simulation and experimental work have shown good agreement. The results have validated that the implementation of the integration of the Fuzzy-P current controller (with simple structure and less fuzzy rules) and the Crisp-I current controller does improve the steady-state control mechanism of the proposed CCA. Therefore, the use of the proposed CCA has resulted lower THD values than using the Fuzzy-PI CCA and Crisp-PI CCA. Additionally, it can be stated that implementation of the proposed CCA can enhance the SAPF operation.
